In this paper, we explore the application of the PZT-glass cantilever for detection of pathogen, E. coli O157:H7, at very low concentration that is close to the Environment Protection Agency (EPA) standards. The lead zirconate titanate (PZT) glass cantilevers are a composite structure of two layers: PZT and borosilicate glass a few millimeters in length. The PZT layer acts both as an actuating and a sensing element. The detection of biological entities requires the immobilization of a recognition molecule, such as an antibody or a receptor molecule, on the sensor surface. [5] [6] [7] When the target of interest (pathogen) binds to the cantilever's sensing surface, the effective mass of the cantilever increases which alters the cantilever's resonant frequency. The resonant frequency change with time can be used to provide quantitative measures of the pathogen concentration.
Recently, Zhang and Ji 8 reported a rather elegant experiment using silicon microcantilever for detecting E. coli O157:H7 at concentrations in the range of 1 × 10 5 to 2 × 10 7 cfu/mL. 8 Their lowest concentration that was discernable was 1 × 10 6 cfu/mL. In this paper we report our success in using PZT-glass cantilever that shows sensitivity down to 700 cells/mL. We have used the same reagents, namely the antibody and the antigen, from the same source as did Zhang and Ji. 8 
Cantilever Physics
The resonant frequency of a partially immersed cantilever is given as: [5] [6] [7] f′ nf =
where K is the effective spring constant and f′ nf is the resonant frequency of the n-th mode in fluid when pathogen of mass, ∆m, is attached at the cantilever tip. In the above Me is the effective mass of the cantilever under liquid. From the above, one gets:
where fnf is the resonant frequency of the n-th mode in fluid prior to pathogen attachment (∆m = 0). That is, a change in resonant frequency represented by the left hand side of Eq. (2) is linearly dependent on the change in mass, at a particular resonant mode.
Fabrication
The cantilevers were manually fabricated in our laboratory (Drexel University, Philadelphia, PA) from a 127 µm thick PZT single sheet (Piezo Systems Inc., Cambridge, MA) and a 160 µm thick cover glass slip (Fisher Scientific), see schematic in Fig. 1 . The PZT layer, 5 mm × 1.8 mm (length × width), was bonded to the glass, 6 mm × 1.8 mm (length × width) with a non-conductive adhesive, such that a 2 mm length of the PZT layer and 4 mm of the glass layer sticks out at the cantilever free-end. The top and bottom nickel surfaces of the protruding PZT layer were connected using 30 gauge copper wire soldered to BNC couplers. The electrode end of the cantilever was encapsulated in a glass tube by a non-conductive epoxy. The glass layer at the cantilever tip is longer than the PZT layer and thus provides surface for antibody immobilization.
Experimental
The sensing glass surface was thoroughly cleaned sequentially with methanol-hydrochloric acid solution (1:1 v/v), concentrated sulfuric acid, hot sodium hydroxide, and finally boiling water. 10 After cleaning, the glass surface was silanylated with 0.4% 3-aminopropyl-triethoxysilane (APTES; Sigma-Aldrich) in deionized water at pH 3.0 (adjusted by hydrochloric acid, 0.1 N) and 75˚C for 2 h. APTES reacts with glass leaving a free amine terminal for further reaction with carboxylic group to form a peptide bond. The carboxyl group present in the affinity purified monoclonal antibody (anti-E. coli) to E. coli O157:H7 obtained from Kirkegaard and Perry Laboratories (KPL, Gaithersburg, MD), was activated using the zero length cross linker 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; Sigma-Aldrich) and promoted by sulfo-Nhydroxysuccinimide (Sigma-Aldrich) to form stable reactive intermediate that is susceptible to attack by amines. Covalent coupling of the stable intermediate with the silanylated glass surface was carried out at room temperature for 2 h. The immobilization protocol was adapted from Bioconjugate Techniques and modified as per sample volume. 12 Stock solution of a positive control E. coli O157:H7 (KPL, Gaithersburg, MD), 7 × 10 9 cells/mL, was prepared using the vendor's instruction. Lower concentrations (7 × 10 7 to 70 cells/mL) of the pathogen were prepared in phosphate buffered saline (PBS) (10 mM, pH 7.4) by serial dilution. The detection experiments were carried out without the sample being covered or without constant temperature control. While temperature remained within ±0.1˚C during a typical 1 h experiment, the liquid level in the 1 mL sample container decreased by 4.5 microns per minute during an experiment. The linear change in liquid level with time resulted in a linear change in resonant frequency. Thus immediately before and after a detection experiment, the rate of change of resonant frequency due to liquid level change was measured and an average value of the two was used to correct the peak position in the E. coli O157:H7 detection experiment. One milliliter of the test pathogen solution was pipetted into a 1 mL sample container. The functionalized sensing tip of the cantilever was immersed to a depth of 1 mm using a XYZ-positioner (Optosigma Corporation, Santa Ana, CA) installed on a vibration-free table. The change in resonant frequency resulting from the mass change was monitored by measuring amplitude ratio and phase angle using an impedance analyzer (HP4192A) with an excitation of 100 mV in the frequency range of 1 to 100 kHz range.
Results
Several cantilevers were fabricated and used in the detection experiments. However, for brevity only the results from one cantilever are reported so that comparison of responses on the effect of pathogen concentration can be made. Each experiment was repeated at least three times and the data shown are typical of the results obtained. The resonance spectra (phase angle versus frequency) of the cantilever in air, Fig. 2 , showed a fundamental resonant frequency of 10.95 ± 0.05 kHz and a second mode resonance at 43.45 ± 0.05 kHz. Several repeated experiments showed that these two resonant frequencies are stable within ±50 Hz. In any one experiment, the variance of resonance frequency was ±5 Hz. Resonant frequency was measured by a sharp change in phase angle. 11 In this study, the second mode was selected for in-liquid detection experiments because the first mode was significantly dampened when the cantilever was immersed in liquid. Figure 3 shows the time profile of resonant frequency change of an antibody-functionalized cantilever in the detection of E. coli O157:H7 at concentrations of 7 × 10 2 , 7 × 10 3 and 7 × 10 7 cells/mL. For the highest E. coli concentration (7 × 10 7 /mL), the resonant frequency decreased more rapidly initially and reached a lower constant value. The more rapid rate observed is an expected response, as the binding rate is proportional to concentration. The total change was approximately 1010 ± 5 Hz (n = 3). At the lowest concentration (700 cells/mL) the change was the slowest and the total steady state change in resonant frequency was 46 ± 5 Hz (n = 3).
The mass change sensitivity of the cantilever under liquid immersion was determined as 1.2 × 10 -11 g/Hz. The mass change sensitivity was determined using the silicone oil dip touch technique that we reported earlier. 5 Briefly, known mass of silicone oil was placed on the cantilever sensing-tip in air and the mass changes when plotted against the corresponding resonant frequency change of the second mode, which yields a straight line whose slope is termed mass change sensitivity in air, expressed in g/Hz. The mass change sensitivity in liquid is then calculated from this value. 5 Using the mass change sensitivity, the mass of pathogen that was bound to the cantilever glass surface after 1 h from the lowest to the highest pathogen concentrations were, respectively, 0.61 ± 0.05 ng, 3.12 ± 0.50 ng, and 12.12 ± 1.50 ng. Attempt to detect 70 cells/mL, resulted in a resonant frequency change of 14 ± 5 Hz and was determined to be close to measurement uncertainty of ±5 Hz, and thus is not included in Fig. 3 . Control experiment was conducted with the antibody-functionalized cantilever, anti-E. coli O157:H7, immersed 1 mm in PBS solution for 1 h at the same experimental conditions as the E. coli detection. No significant frequency response (±5 Hz) was observed,
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ANALYTICAL SCIENCES APRIL 2005, VOL. 21 Fig. 1 Three-dimensional view of cantilever geometry. The cantilever free-end consists of three different layers: glass 160 mm thick, adhesive ∼10 mm thick, and PZT 127 mm thick. Fig. 2 Resonant spectra of phase angle versus frequency of cantilever in air. At resonance, the phase angle of the oscillating cantilever (100 mV excitation) exhibits a sharp peak.
suggesting that the change in resonant frequency shown in Fig.  3 for the various concentrations of E. coli O157:H7 were due to the binding of the pathogen to the cantilever functionalized glass surface. In order to determine if non-specific binding would occur, a second control experiment was carried out and the results are shown in Fig. 4 . In this experiment, the cantilever without any antibody immobilized on its surface was immersed in a solution containing very high concentration of E. coli O157:H7 at 7 × 10 7 cells/mL. The results in Fig. 4 show that the change in resonant frequency was 0 ± 10 Hz. When no cells were present, the antibody-immobilized cantilever showed a variation of ±5 Hz in PBS (Fig. 3) . Thus it is reasonable to conclude that non-specific attachment, if any, is weak and the variation in resonant frequency increased by ±5 Hz, and this increase is significantly lower than that observed with 700 cells/mL.
In this paper we have showed that the PZT-glass cantilever functionalized with anti-E. coli O157:H7 can be used to detect the pathogen E. coli O157:H7 under liquid immersion in real time, with a detection limit of 700 cells/mL. The millimeter sized PZT-actuated cantilever is a reasonably robust platform for practical use. 4 Resonant frequency response of the second flexural mode versus time when the clean (antibody-free) cantilever was immersed in E. coli O157:H7 at 7 × 10 7 cells/mL. Normal variation observed in cantilever response is ±5 Hz. Although the variation observed is slightly higher (±10 Hz), no net decrease in resonant frequency is observed.
